A simple method for the detection of metal ions in solution is proposed, using Shewanella oneidensis, which has the ability to reduce metal ions into metal nanoparticles on the cell surface. The method can be used to identify metal ions in solution using the light-scattering characteristics of the metal nanoparticles formed on the cells.
Shewanella oneidensis is a facultative anaerobic bacterium that supplies electrons generated during metabolism to dissolved oxygen under aerobic conditions and to various metal ions surrounding the bacterial cell membrane under anaerobic conditions. Electron transfer from the intracellular to the extracellular environments is achieved by c-type cytochrome proteins, which act as an electron conduit on the inner/outer bacterial membrane.
1,2 Therefore, metal ions such as Au(III), Pd(IV), and Ag(I) can be biologically reduced to metal nanoparticles (NPs) on the cell surface of S. oneidensis. [3] [4] [5] Metal NPs are well-known to enhance light absorption and scattering in a specific wavelength region, based on their localized surface plasmon resonance (LSPR). Therefore, it is possible to observe metal NPs below the theoretical resolution of an optical microscope (~200 nm) owing to their enhanced light-scattering intensity. 6 The light-scattering spectrum of the NPs depends strongly on not only the metal species, but also on the size and aggregation/dispersion state. 7, 8 Our recent study implied that the incubation of S. oneidensis affects the size and aggregation/dispersion state of metal NPs formed on the cell surface; 9 hence, we hypothesized that metal species could be identified based on their light-scattering characteristics. In the present study, we have proposed a method for optical elemental analysis of metal species using S. oneidensis.
A strain of S. oneidensis (ATCC 700550) was cultivated aerobically at 30 C for 24 h on an agar plate (E-MC35, Eiken Chemical Co., Japan). A single colony from the plate was transferred into 100 mL of Nutrient Broth (Eiken Chemical Co.), and then incubated with shaking at 30 C for 24 h. After centrifugation (8200 × g, 5 min), the precipitate was washed three times with sterile deionized water. The resulting precipitate (2.0 × 10 8 cells mL -1 ) was resuspended in 20 mL of phosphate buffer (pH 7.0) containing an organic source, sodium formate (0.10 M), and a metal source (1.0 mM), such as palladium(II) chloride, hexachloroauric(III) acid, hexachloroplatinic(IV) acid, copper(II) sulfate, copper(II) chloride, or nickel(II) chloride. The mixtures were then incubated with nitrogen bubbling at 25 C. After incubation, 5 μL of each mixture was pipetted onto a glass slide and dried at room temperature for 20 min. Darkfield observation was performed using an optical microscope (ECLIPSE Ni, Nikon, Japan) with a dark-field condenser, a 100-W halogen lamp, and a camera equipped with a chargecoupled device (DS-Ri1, Nikon, Japan). Light-scattering spectra were measured using a miniature grating spectrometer (USB4000, Ocean Optics, FL), which was connected to the microscope using an optical fiber (core diameter, 400 μm).
10,11
S. oneidensis exhibited a weak light-scattering effect based on the difference in the refractive index between the surrounding air (1.0) and the water (1.3) inside a bacterial cell, the cytoplasm of which consists of 70% water, 17% proteins, 7% nucleic acids, and other components (lipids and polysaccharides).
12-14
The light-scattering intensity of a single cell increased as the incubation time increased, as shown in Fig. 1A , indicating the reduction of metal ions into (a) Pd and (b) Au NPs by the bacteria. 14, 15 As measured at 600 nm, the light-scattering intensity of a single cell increased strongly after incubation in the suspensions, including the palladium ion, and became constant after 1 h (Fig. 1B) . After incubation for 1 h, individual bacteria could be clearly observed as white rods in the darkfield images. According to the results of energy dispersive X-ray (EDX) spectrometry, it was confirmed that Pd elements were detected on bacterial cells (Fig. S1 ). Similar phenomena were observed for bacteria incubated in suspensions containing platinum (Pt) ions. Pt NPs deposited on bacterial cells were observed in dark-field images after incubation for 3 h. The light-scattering spectrum of bacteria adsorbed with Pt NPs resembled that of bacteria displaying Pd NPs (Fig. S2) . As measured at 650 nm, the light-scattering intensity of a single cell incubated in the aurate suspension was observed to gradually increase during the early stages of incubation and to dramatically increase over 2 h. After incubation for 4 h, bright, reddish bright rod-like spots, which was attributable to the formation of Au NPs on the bacteria, could be observed in the dark-field images. After 5 h of incubation, the intensity was two-fold greater than that of palladium ions, although the formation rate of Pd NPs was higher than that of Au NPs. No changes were observed in the light-scattering spectra of bacteria incubated in suspensions of other metal ions, such as copper and nickel. This behavior is attributed to differences in the standard electrode potential of the metal species and the stability of the metal NPs.
To investigate whether the species of metal NPs could be determined based on their light-scattering characteristics, we induced the formation of metal NPs by S. oneidensis in a mixture of aurate and palladium ions. Bacterial suspensions were incubated at 25 C in 20 mL of nitrogen-saturated phosphate buffer supplemented with sodium formate (0.10 M), hexachloroauric(III) acid (0.50 mM), and palladium(II) chloride (0.50 mM). After incubation for 1 h, many whitish rod-like structures were observed in the dark-field images, indicating the production of Pd NPs on the bacterial cells. The number of reddish rods increased with passage of the incubation time, and approximately the same number of whitish and reddish rods were observed after incubation for 4 h, as shown in Fig. 2A . This suggests that both Au and Pd NPs were produced on the cells. Following an extension of the incubation time to over 5 h, all bacteria appeared as reddish rods. To clarify the mechanism underlying this phenomenon, we attempted two-step formation of metal NPs. S. oneidensis was first incubated in phosphate buffer supplemented with sodium formate (0.10 M) and palladium(II) chloride (0.50 mM) for 1 h. Pd NP-coated S. oneidensis was then incubated in phosphate buffer supplemented with sodium formate (0.10 M) and hexachloroauric(III) acid (0.50 mM). Whereas the Pd signal disappeared after 4 h of the second incubation, Au was observed in the EDX spectrum. On the contrary, there was no change in the EDX spectra of S. oneidensis coated with Au NPs before and after incubation in phosphate buffer supplemented with sodium formate and palladium(II) chloride (0.50 mM). These results implied that the formation of NPs on the bacterial surface was controlled by the reduction rate and incubation conditions. 16, 17 To apply S. oneidensis for elemental analysis, a better understanding of the reactivity of metal species and the stability of metal NPs, based on standard electrode potentials, nanoparticle forming abilities, and incubation conditions, is required.
In summary, we successfully identified metal species in a solution based on the light-scattering characteristics of NPs formed on a bacterial cell. Optimization of the formation of NPs of many metal species, based on their standard electrode potentials and the incubation conditions, will facilitate the utilization of S. oneidensis for elemental analysis. Moreover, it is expected that controlling the incubation conditions of S. oneidensis will enable the application of this method not only in aqueous solutions, but also in biofilms formed on solid substances. 
